On-site sanitation systems are typically installed to treat grey and toilet wastewaters in areas without sewer and centralized treatment systems. It is well known that, due to inappropriate design and operation, treatment performance of these systems in developing countries is not satisfactory in the removal of pathogens and organic matters. This research aimed to investigate the hydraulic conditions occurring in some on-site sanitation systems and the effects of hydraulic retention times (HRTs) on the system performance. The experiments were conducted with a laboratory-scale septic tank (40 L in size) and an actual septic tank (600 L in size), to test the hydraulic conditions by using tracer study with HRTs varying at 12, 24 and 48 hr. The experimental results showed the dispersion numbers to be in the range of 0.017-0.320 and the short-circuit ratios in the range of 0.014-0.031, indicating the reactors having a high level of sortcircuiting and approaching complete-mix conditions. The removal efficiency of BOD5 was found to be 67% and the k30 values for BOD5 was 2.04 day-1. A modified complete-mix model based on the relationship between BOD5 removal efficiencies and HRTs was developed and validated with actual-scale septic tank data having a correlation coefficient (R2) of 0.90. Therefore, to better protect our environment and minimizing health risks, new generation toilets should be developed that could minimize short-circuiting and improving treatment performance. This is an Open Access article distributed under the terms of the Creative Commons Attribution Non-Commercial License (http://creativecommons.org/licenses/by-nc/3.0/) which permits unrestricted non-commercial use, distribution, and reproduction in any medium, provided the original work is properly cited.
Introduction 1 2
Up to present, there are approximately 2.7 billion people without access to basic sanitation. 3
For example, the Sub-Saharan Africa has unsafe water and lacking sanitation that can kill 4 children less than 5 years about 1.6 million per year [1] . Better management of the sanitation 5 is to use on-site sanitation systems to solve this problem. On-site sanitation technologies such 6 as cesspools, two cesspools in series and septic tanks are commonly used to treat domestic 7 wastewater in developing countries. However, treatment performance of these septic tanks is 8 not satisfactory in removal of pathogens and organic matters due to inappropriate design and 9 operation. A previous study found that septic tank could reduce organic matter, nutrient and 10 pathogens only 20 -50% [2] . Effluent concentrations of septic tanks were found to contain 11 BOD 5 of 90-160 mg/L and fecal coliforms of 10 5 -10 8 MPN/100 mL [3], higher than the 12 standards for discharge and causing water pollution and high health risk. Main factors 13 affecting the treatment performance of septic tanks were the flow patterns or hydraulic 14 characteristics. The hydraulic conditions have high influence on the treatment performance of 15 reactors and are commonly used to design various reactors. Thus, optimizing reactor 16 configurations and flow rate are important for septic tank designs. 17
Objectives 18
The purpose of this study was to evaluate the hydraulic conditions and performance of on-19 site sanitation systems in central Thailand. The specific objectives of the presents study were: 20
• To investigate the hydraulic conditions occurring in on-site sanitation systems and the 21 effect of hydraulic retention times (HRTs) on the system performance. 22
• To evaluate the treatment performance of laboratory-scale and actual-scale septic tanks in 23 term of organic biodegradation and pathogen removals. 24
• To develop a kinetic model for septic tanks for use in design and operation. 
Tracer Study 43
Tracer study was used to evaluate the hydraulic conditions of the rectangular septic tank 44 and the circular septic tank by continuously feeding tap water at different flow rates to 45 maintain the HRTs at 12, 24 and 48 hr. Due to limitation of the configuration of the tanks and 46 flow effects, this study used two types of tracer chemicals such as NaCl and Rhodamine dye. The results were determined according to the normalized resident time distribution (RTD) 56 curves by plotting graph between t/T and C t /C 0 according to Levenspiel [4] 57
58
The mean resident time or actual hydraulic retention time ( ̅ ) was calculated by Eq. (1): 59
Dead space or dead zone is the dead zone of reactor which affects the overall treatment 61 efficiency because volume of this zone is unavailable to the main flow and was calculated by 62 The HRTs of these on site sanitation systems were found to be in the range of 5-16 days. 98
The influent and effluent samples were collected by grab sampling and analyzed for physical, 99 chemical and biological characteristics according to Standard Methods [6] as shown in Table  100 1. 101 
Tracer Study 105
The hydraulic characteristics or RTD curves of the laboratory-scale and actual-scale septic 106 tanks at HRTs of 12, 24 and 48 hr are shown in Fig. 3 . 107
All the RTD curves of the actual-scale and laboratory-scale septic tanks had similar trend 108 approaching complete-mix conditions. The dispersion numbers of these HRTs values was 109 found to be 0.17-0.32 which were within moderate to high dispersion ranges and HRTs did 110 not appear to show any significant effects on the dispersion numbers. The short-circuit ratios 111
(time of first appearance of tracer at the effluent and designed HRTs) were found in the range 112 of 0.014-0.031, indicating a high degree of short-circuiting, which were not in the acceptable 113 range of 0.3-0.4 [7] . The mean HRTs or actual HRTs were found lower than designed HRTs 114 of 12, 24 and 48 hr, and suggesting the prevalence of complete-mix conditions. Thus, it could 115 be summarized from these tracer data that the hydraulic conditions occurring in the above on-116 site sanitation systems operating at the HRTs values of 12-48 hr (which are usually employed 117 for most of these systems) are complete-mix. The results of tracer analysis are summarized in 118 Table 2 . 119
Because the results of the two types of on-site sanitation systems had similar trend, 120 approaching complete-mix conditions, for simplification in design, Eq. 
(5) 122
Where; was effluent concentration, 0 was initial concentration, k T is reaction rate 123 coefficient at temperature T (°C) according to Eq. (6) and t was retention time or HRT. The treatment efficiencies of TCOD, BOD 5 , TS, TVS and fecal coliforms of the laboratory-139 scale septic tanks operating at HRT of 24 hr, during steady state conditions are shown in 140 Table 3 . The steady-state conditions were assumed to occur when the removal efficiencies of 141 septic tank effluent from the systems were found to be stable for about 1 week. Due to the 142 high organic content of toilet wastewater, the TVS/TS ratio was about 0.9, similar to those 143 values previously reported in the literature [3] . From the experimental period of 4 months, 144 the percent removal of TCOD, BOD 5 , TS and TVS in the laboratory-scale septic tanks 145 operating at 30 ℃ were about 69, 67, 62 and 70 percent, respectively. The fecal coliform 146 concentrations were reduced from 1.0x10 7 to 6.34x10 6 MPN/100 mL when the HRT value 147 was maintained at 1 day. For the 40℃ operation, the percent removal of TCOD, BOD 5 
, TS 148
and TVS were about 76, 67, 72 and 77 percent, respectively. The fecal coliform 149 concentrations were reduced from 1.0x10 7 to 2.1x10 6 MPN/100 mL when the HRT value was 150 maintained at 1 day. Since the removal mechanism could be mainly due to sedimentation of 151 solids, hence the removal efficiencies of these two laboratory-scale septic tanks were not high 152
and not much different. Accordingly, the k 30 for BOD 5 Table 4 . The HRT of these on-site sanitation systems were about 5-16 162 days and their volumes were found to be 500 -1,000 L. Moreover, flow rates of their black 163 water to the on-site sanitation systems excluding grey water were found to be in range of 60 -164 220 L/household.day. 165
The effluent concentrations of BOD 5 and fecal coliforms were found to be much higher 166 than the Thailand standards for discharge of treated household wastewaters of 20 mg/L and 167 1000 MPN/100 mL, respectively [8] . These results are similarly to the data of the laboratory-168 scale septic tanks (Table 3) , which revealed unsatisfactory performance and the septic tank 169 effluents need to be further treated. The unsatisfactory results are hypothesized to be due to 170 the hydraulic conditions which caused high degree of short-circuiting as reported earlier, and 171 improper design and operation of these on-site sanitation systems. Moreover, sludge 172 accumulation in the systems also reduced the mean HRTs, resulting in more short-circuiting 173 and increasing the effluent concentrations. It is strongly recommended that post treatment of 174 the septic tank effluents should be done possibly by electrochemical precipitation or nano-175 disinfection processes which do not required large land area and are cost-effective. More 176 research in this area will be reported later. 177 and is correction factor, unitless 206 
209
From Eq. (7) was validated with the experimental data of this study and also other septic tank 210 data (shown in Table 5 ) and plotted in Fig.4 . The validation results demonstrated the 211 applicability of the modified complete-mix model with the R 2 value of 0.90. However, it 212 should be noted that Eq. (7) and (8) 
Application of Results 226
To better protect our environment and safeguard public health, new generation toilets 227 should be developed which should minimize short-circuiting and improving treatment 228 performance. These re-invented toilets should be able to eliminate all pathogens and reducing 229 BOD 5 to meet the effluent discharge standards. Methods to minimize short-circuiting include 230 providing more baffles, better design of inlet and outlet pipes and extending the length/width 231 ratio of the septic tanks. The treatment efficiency could be improved by employing certain 232 enzymes, catalysts or increasing septic tank temperature which should lead to lower effluent 233
